Four grass silages made from a second cut cocksfoot-timothy grass were ensiled with the application of water, i. e., without additive (NA), formic acid (FA), lignosulfonate + formic acid + acetic acid (LFA) and cellulase + glucose oxidase enzymes (E), The silages were fed at maintenance level to four dry cows, which had been equipped with a rumen cannula and a simple T-shaped duodenal cannula, in a digestibility experiment designed as a 4x4 latin square. The silages and a mixture of barley and oats (1:1) were given at a ratio of 70:30 on a dry matter basis.
Introduction
Ensiling grass into silage aims at maintaining the high nutritional value of original grass. This can be done using acids to create an environment with a sufficiently low pH within a short period of time to stagnate the biological activities in the grass. Alternatives to acid additives include so-called biological additives, e.g. lactic acid bacteria or fibre degrading enzymes, which develop an acidic environment through fermentation during the ensiling.
In Finland acid-based additives have been predominantly used during the past few decades in silage making to ensure sufficiently good grass silage for high-quality milk products, even for cheese making. However, as acid additives are corrosive to machinery and not user-safe, there is an increasing tendency to reduce the use of acids in silage making by replacing them with biological additives.
Thus, a number of trials have been carried out to study the response ofcattle to grass silages preserv-ed using biological or acid-based additives (e.g. Gordon 1989 ,Heikkilä et al. 1989 , Jaakkola and Huhtanen 1990, Jaakkola et ai. 1990, Kennedy 1990 , Heikkilä et ai. 1991 . However, there are only few reports (Jaakkola et al. 1991 , Jacobs and MeAllan 1991 , van Vuuren et al. 1991 ) comparing the digestibility and rumen fermentation patterns of grass silage preserved with acid and biological additives. The purpose of the present experiment was to compare digestibility, rumen fermentation, and ruminal and intestinal degradability of grass silages preserved with acid or biological additives.
Material and methods

Experimental silages
The experimental silages were prepared from a second cut cocksfoot (Dactylis glomerata)-timothy (Phleum pratense) grass by a flail harvester using: no additive (NA) AIV-2 (Valio Finnish Co-operative Dairies' Association) 5.5 1/t, containing 80 % (w/w) formic acid and 2 % orthophosphoric acid (FA) -Farmi-solution (Farmos-Group Ltd.) 5,6 1/t, containing 50 % lignosulphonate, 25 % formic acid and 25 % acetic acid (LFA) Clampzyme (Finnish Sugar Ltd.) 0.2 1/t, containing cellulase and glucose oxidase enzymes (E) All the additives were applied by a pressure pump at cutting using the application rates recommended by the manufacturers. The silages were ensiled in fibreglass silos of 3 m 3 for seven months.
Animals and their feeding
The four non-pregnant and non-lactating cows (live weight 550 kg) of Finnish Ayrshire breed used in the experiment were equipped with a rumen cannula and a simple T-piece duodenal cannula. The animals were fed in a balanced 4x4 latin square close to maintenance level (Salo et al. 1982) , the diets consisting of experimental grass silages supplemented with a mixture of barley and oats (1:1). The ratio of forage to concentrate was 70:30 on a dry matter (DM) basis. The animals were fed twice daily in equal amounts at 12 h intervals. A commercial mineral supplement was included in the diet and water was freely available.
Experimental procedures
The length of each experimental period was 28 days with a 10-day adaptation period. Representative samples of the grass silages and concentrate mix were obtained from each experimental period.
The flow of nutrients to the small intestine was estimated using the graphic alternative (McAllan and Smith 1983) of the double-marker method (Faichney 1975) . Cr-mordanted straw and LiCo-EDTA prepared as described by Udén et al. (1980) were used as a marker for the solid and liquid phase of digesta. Cr-mordanted straw was administered to the rumen from day 8 twice a day (2 x 7.5 g) and LiCo-EDTA (sg/d) was infused continuously into the rumen from day 9 onwards.
Duodenal digesta was spot-sampled on days 17, 18 and 19. Samples (150 ml) were collected at three hours' intervals, four times a day, starting at 8, 9 and 10 o'clock on consecutive collection days. The spot samples ofeach animal were pooled to provide one composite unrepresentative digesta sample.
One half of this sample was centrifuged (700 x g/ 10 min) to separate the particulate and liquid phases. The particulate phase and the other half of the digesta sample were dried at 60°C and milled to pass a 1 mm screen. The liquid phase was stored at -20°C before analysis.
In order to determine the overall digestibility of nutrients using acid-insoluble ash as a natural marker, faecal grab samples were taken twice a day from day 14 to day 18 when feeding the animals.
To estimate the rumen liquid outflow rate, a single dose of LiCo-EDTA (8 g) was infused into the rumen during one feeding interval. The infusion was started at evening feeding on day 19 and continued till the next morning feeding. On day 20, the ruminal and duodenal digesta samples were collected before morning feeding and at 1.5 hours' intervals thereafter during the daytime feeding cycle. The liquid phase of the samples was separated and stored as described above.
Nitrogen of microbial origin in duodenal N was measured using purine bases ofnucleic acids as markers (Zinn and Owens 1986) . The contents of the purine bases in the microbial mass were analyzed from the rumen samples collected on day 21 immediately before morning feeding and four hours thereafter. The microbial mass was isolated by separating the rumen liquid as described earlier and by further centrifuging (26000 x g/20 min) the supernatant.
To measure rumen fermentation, samples of rumen fluid were collected on day 21 right before feeding and 0.5, 1,2, 3,4, 6, 8 and 10 h after feeding. The ammonia-N and pH of the digesta were measured immediately, and samples for the measurement of volatile fatty acids (VFA) were storaged with Ag 2 0 in a refrigerator for later analysis.
To determine the rumen degradability and subsequent intestinal degradability of the experimental silages, nylon bag techniques were used. Each experimental silage was incubated in the animal fed with that particular silage diet. Five nylon bags (60 x 120 mm) made of polyester (PES 41 pm/33 %, Polymon, Switzerland) containing fresh, chopped (< 10 mm) silage (2.5 g DM) were inserted into the rumen on day 14 and incubated for periods of 2,4, 8, 16, 24, 48, 72 and 96 h. After removal, the bags were machine-washed and dried at 60°C in a forced-draught oven.
Fifteen mobile bags (35 x 50 mm, PES 10 pm/2 %/C) per experimental silage were introduced into the duodenumfrom day 14 onwards. Each bag contained 0.8 g DM freeze-dried or rumen-incubated (30 h) silage, that was milledthrough a 2 mm mesh. One animal received a maximum of 20 mobile bags per day. Subsequently, the bags were collected from the faeces and machine-washed (40°C) and dried at 60°C.
Chemical analyses
The DM content of the grass silages was determined by oven-drying (105°C), correcting the values for volatile losses according to Huida et al. (1986) . Organic matter (OM) content was measured by ashing at 500°C for 2 h and total N by the Kjeldahl method. Determinations of neutral detergent fibre (NDF) and acid detergent fibre (ADF) were made according to Van Soest (1963) and Van Soest and Wine (1967) , calculating the content of hemicellulose as the difference between NDF and ADF and the content of lignin as the difference between ADF and cellulose. Experimental silages as well as rumen liquor and the liquid phase of duodenal digesta were analyzed for ammonia-N (McCullough 1967). Silages and rumen liquor were further analyzed for VFAs (Huida 1973) . Also the lactic acid concentration (Barker and Summerson 1941) and water soluble carbohydrates (WSC) (Somogyi 1945) in the silages were measured. Nucleic acids in the microbial fraction and duodenal digesta were determined according to Zinn and Owens (1986) . Chromium and cobalt concentrations in faecal and digesta samples were determined by atomic absorption spectrophotometry (Williams et al. 1962) . Faecal samples were analyzed also for acid-insoluble ash (Van Keulen and Young 1977) .
Calculations and statistical analysis
The duodenal flow of nutrients was calculated based on the amounts of Co and Cr excreted in faeces. The liquid outflow rate from the rumen was calculated as the slope of the regression of the natural logarithm ofthe Co concentration against time.
The total outflow of liquid at the duodenum was calculated as the difference between total digesta flow and DM flow. The estimate of rumen volume was calculated as total outflow (l)/[liquid dilution rate (1/h) x 24 (h)].
The rumen degradability of feed N in vivo was estimated by assuming an endogenous N flow of 15 % of the duodenal N flow (Tamminga et al. 1989) .
To characterize the rumen degradability of the experimental silages, their degradability values were fitted in to the following equations (McDonald 
The values obtained for N were corrected for microbial contamination as suggested by Lindberg (1988) .
The total tract degradability (TTD) of the feeds was calculated as a sum of the 30-h ruminal degradation and the subsequent intestinal degradation of the undegraded feed residue.
The standard analysis of variance appropriate to the latin square design was applied to digestibility and nylon bag data using the Tukey's test for treatment comparisons.
Rumen fluid data was analyzed by analyses of variance using the following model: 
Results
Chemical composition and fermentation of the silages
The chemical composition (Table 1) and fermentation (Table 2 ) of the silages were clearly affected by the additive used. The DM content was highest in FA silage, and E silage had the lowest contents ofcell walls. Compared with E and NA silages, fermentation was restricted during ensiling by the acid-based additives, particularly FA. The content of WSC in FA silage was close to that in original grass, and ammonia-N and total acid content was low compared with the other silages.
Intake and digestion of organic matter and fibre There was no difference (P>0.05) in OM intake or in faecal OM between the silages (Table 3) . However, compared with the other silages, the amount of OM entering the duodenum was lower (P<0.01) in E silage and the microbial OM higher (PO.OOl) in LFA silage. Digestibility of OM in the rumen, disappearance of digestible OM before the intes- tine, and apparent total OM digestibility were highest (P<0.05) with E treatment. The intake of NDF and ADF (data not shown) was lower and their digestion in the rumen or in the total tract tended to be higher with E-treated silage than with the other silages (Table 3) . Total digestibility of hemicellulose and cellulose tended to be highest with E treatment as well.
Intake and digestion of nitrogen Nitrogen intake, faecal N and apparent digestibility of N were similar (P>0.05) for all the diets (Table  4) . Non-ammonia-N (NAN) and feed N entering the small intestine were lower (P<0.05) for E treatment as compared with the others, while microbial N was highest (PO.OOl) and microbial N synthesis most efficient (P<0.05) for LEA treatment. Silage-N degradability was lowest in FA silage.
Ruminal and intestinal degradability of silages
Except for the potential degradability (a+h) of cell walls (P<0.05), no statistically significant differences were found between the silages in the constants describing the degradability of OM, NDF or N in the rumen. However, there was a tendency towards lower a and higher b values, and effective protein degradability (EPD) was always lower for silages ensiled with acid-based additives (Table 5 ). The correction of EPD values for microbial protein according to Lindberg (1988) increased all the values notably, the EPD for FA silage being significantly (P<0.001) lower than that of the other silages.
No statistically significant differences (P>0.05)
were found in lag time, 30-h rumen degradation, intestinal degradation, or total degradation of the nutrients between the silages. (Tamminga et. al. 1989 ). The average rumen pH was not affected by the silage additive (Table 6 ). The concentration of ammonia-N in the rumen was significantly (P<0.05) higherfor LFA and NA diets as compared to the other diets. The concentration of total VFA was not affected by the silage additive, but the molar proportion of acetate was significantly (P<0.001) higher and that of propionate lower with FA and LFA than with E and NA silages ( Table 6 ). The proportion of buty- Toivonen 1989) . The E and NA silages were notably more fermented than the LFA and especially FA silages preserved with acid-based additives. Similar differences between silages have been found in previous comparative studies (Kauramaa et al. 1987 , Jaakkola et al. 1991 , Jacobs and McAllan 1991 . In accordance with Kauramaa et al. (1987) , only minor differences in fermentation patterns were found between E and NA silage. However, the use of enzymes in silage making especially under poor weather conditions has resulted in more favourable fermentation than in ensiling without additives (Jaakkola 1990 , Jaakkola et al. 1991 . Obviously the use of pilot silos in making the experimental silages resulted in good-quality fermentation in NA silage, too.
Digestion of organic matter and fibre
The proportion of digestible OM apparently digested before the intestine was rather low (average 0.52) and the total N entering the duodenum was rather high (Tables 3 and 4) . These values may be affected by duodenal digestive juices, since the duodenal cannulas were checked at slaughter and found to be located posterior to the pancreatic duct. However, the disappearance of digestible fibre before the small intestine indicated no overestimation (Table 3) (1991) with growing steers, the OM digestibility ofE silage was significantly higher than that of untreated or acid treated silages (Table 3 ). In accordance with the results of Jaakkola et al. (1991) , the digestibility of cell walls also tended to be higher for the E silage diet as compared to the others. Several previous reports have pointed out that enzyme treatment impaired rather than improved the fibre digestibility of grass silage with sheep (Heikkilä et al. 1989 , Toivonen 1989 , Jaakkola 1990 , Heikkilä et al. 1991 , and also with growing cattle (Jaakkola and Huhtanen 1990 , Jaakkola et al. 1990 .
It has been suggested that the higher digestibility of cellulose in E silage compared to FA and NA silages with cattle is a consequense of a longer rumen residence time (RRT) (Jaakkola et al. 1991) . A longer rumen retention time has been observed for cattle given forage diets than for sheep (Rees and Little 1980) , especially at low levels of feeding (Colucci et al. 1984) .
The RRT of the silages was not measured in the present experiment, but as the proportion of digestible OM and NDF digested in the rumen was highest with E silage, the higher digestibility of E silage may be related to possible differences in RRT between the silages. The contradiction in results between the experiments may be related at least partly to the different feeding levels. In the present experiment, the cattle were fed near maintenance level in contrast to experiments performed with growing cattle, or with another species, sheep.
Digestion of nitrogen
The NAN flow entering the duodenum was significantly lower with the E diet than the other diets (Table 4) , mainly due to the significantly lower feed N flow. The flow of microbial N was clearly highest for the LFA diet. In the study of Jacobs and MeAllan (1991) , the flow of nitrogenous compounds was similar for untreated, FA and enzyme silages. On the other hand, Jaakkola et al. (1991) found that the quantity of microbial N entering the duodenum was significantly higher with FA silage than with E silage. The contradiction between the experiments may be due to the different application rate of formic acid used, resulting in differences in the extent of fermentation. When feeding restrictively fermented silages, more fermentable carbohydrates are available for rumen microbes than from extensively fermented silages . This is possibly one reason for the higher microbial N obtained with the LFA diet in the present experiment. The advantage of restricted fermentation of FA silage in the present experiment was probably lost because of considerable effluent losses in the silo (Toivonen 1989) due to the reduced moisture-holding capacity of FA silage (Woolford 1978) .
Supplementation of grass silage with concentrate has generally increased the efficiency of microbial protein synthesis in the rumen (ARC 1984) . The present average efficiency of 30 g microbial N/organic matter apparently digested in the rumen (OMARD) is consistent with the value given for similar feeding by ARC (1984) . The lowest efficiency, which was obtained for the E diet (Table 3) , contrasts with the results of Jacobs and McAllan (1989, 1991) , who reported higher efficiency for E feeding compared with FA feeding, especially when the E diet was supplemented with rapeseed meal. Jacobs and McAllan (1989) concluded that enzyme treatment of the grass during ensiling had a marked effect on the availibility or utilizability of structural carbohydrates. Nevertheless, the present results rather support the suggestion by Jaakkola et al. (1991) that not even a high-quality supplement compensates for the difference in silage quality caused by lactic acid fermentation.
Degradability of silages in the rumen and the intestine
Compared with the acid-based additives, the E additive tended to increase the instantly degradable fraction a of OM and N of E with no effect on potential degradation, but it decreased the potential degradability of the cell walls. This finding was in line with the earlier results of Huhtanen et al. (1985) and Van Vuuren et al. (1989) indicating that the breakdown of cell walls occurs in the silo rather than in the rumen.
The EPD values and rate of degradation c of silages preserved with acid additives tended to be lower than those of other silages, in accordance with the results of Setälä et al. (1985) and Vik-Mo (1989) which indicate that the rate ofcrude protein degradability was regulated mainly by the proteolysis in the silage. Nevertheless, the EPD values of grass silages were high and the correction for microbial contamination still increased them notably, in agreement with the results of Lindberg (1988) . This emphasizes the need to take the correction into account when calculating the EPD values of forages. The degradability of silage-N in vivo (Table 4) was notably lower than the respective values obtained with the nylon bag method. As the in vivo value was calculated by difference, possible errors in the determination of microbial or endogenous N will be accumulated in the fraction of feed N. However, both methods ranked the value for FA silage as lowest.
Intestinal OM, NDF and N degradability of rumen-undegraded feed was rather low regardless of the additive used, on an average 10.7 % for OM, 6.3 % for NDF and 55.0 % for N. In a previous experiment (Varvikko and Vanhatalo 1988) , the respective value for grass silage N was also low, 57 % on an average, suggesting that the values used in protein evaluation systems, e.g. 85 % by ARC (1984) , overestimate the intestinal degradability of grass silage N.
Rumen fermentation and liquid dilution rate
Consistent with the results of Gordon (1989) , but not with those of Jaakkola et al. (1991) , the molar proportion of acetate in the rumen fluid was found to be significantly higher with acid-treated silages than with E or NA silages. In accordance with previous reports (Gordon 1989 , Jaakkola et al. 1991 , the molar proportion of propionate in the rumen fluid was significantly higher in E and NA feeding, i. e., in silages with a high content of lactic acid, than in FA and LEA feedings. Actually, the propionate increased along with the increasing lactate content in the silage, indicating the conversion of silage lactate to propionate in the rumen (Chamberlain et al. 1983 , Newbold et al. 1987 , Jaakkola and Huhtanen 1989 . Contrary to the results of Gordon (1989) and Jaakkola et al. (1991) , the proportion ofbutyric acid for diet E was higher than for diet FA. When compared with untreated silage, a small increase in the proportion of butyric acid was found with E silage (Van Vuuren et al. 1991) . However, the changes in rumen VFAs found in the present experiment were commensurate to the reduction in milk fat content with E silage feeding compared to FA silage feeding in dairy cows (Heikkilä et al. 1989 (Heikkilä et al. , 1991 .
Again in contrast to previous results (Jaakkola et al. 1991, Jacobs and McAllan 1991) , the liquid dilutionrate, rumen volume and liquid outflow rate from the rumen were different for the E diet compared to the other diets in the present study. However, also in the experiment by Jacobs and McAllan (1991) , the estimated rumen volume tended to be smaller for the E diet compared to the FA and NA diets. The liquid dilution rate did not seem to be associated with microbial protein synthesis either in this study or in the study by Jaakkola et al. (1991) , even though the differences between the diets in synthesized microbial protein were quite clear in both of experiments.
In conclusion, acid-based additives resulted in more restricted fermentation during ensiling than did enzymes or the absence of additive. The improved OM and cell wall digestibility in vivo of the E diet as compared to the other diets were obviously a consequence of the low feeding level in the present experiment. The highest efficiency of microbial protein synthesis in the rumen obtained for LFA feeding was attributed to the small effluent losses and the restricted fermentation of silage in the silo. Regardless of the additive used, the EPD values of the silages were high, especially when corrected for microbial contamination, and the values for intestinal degradation of rumenundegraded N were low compared to the values used in protein evaluation systems. 
